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The mechanisln of nucleation and thin fllm growt]1 of pentacene (Ci~H]1, Pn) and 6,13-pentacenequinone 

(CriHl~O~, PnQ) on silicon substrates have been studied in-situ by means of real-1ime low-energy eleclron 

mic]'oscopy (LEEM) and low-ener*o*y electron diffraction (LEED). The molecula]'-scale morphology of the Pn films 

was further studied in scannlng tunneling microscope (STM). The ab-initio densily functional theory (DFT) 

calcu]ations were employed to invesligate posslble mechanisms for processes observed in the experiments. 

1 . Pentacene 

Step-flow growth of' (OOl)-oriented Pn thin f[Ims on Bi(OOOl)/Si(111) and on (~' ¥~3-BI Sl(lll) Substl rtes h~tve 

been observed, resulting in t'omlirtlon ot~ Ialrge, monolayer-high Pn grains' with diameters exceec]ing hundreds of fL! 

m. This is different than Pn growth on Si( I 11)-7x /~ where rough intert'acial wetling layer incluces diffusion-limited 

~rowth of fractal-sllaped Pn islands. 

Growth of self-organ[zed Pn films have been stabilized epitaxially on passivated sillcon Surfaces havlng large 

difference in the in-plane lattice parameters, where a self or"anized Pn polylnorph can be stabilized by ILining the 

electronic prope]'ty of substrate and a certain level of commensurability COLlld be achieveci between the Pn 

polymo]~ph aind lhe subst]~ates. Point-on-line comlllensurallon (between Pn a-ilxis Llnd one of' 1]'igonal Substrate's 

primitive axes) has been observed t'or a Pn bulk-like polymorph on Bi(OOOl)/Si( Il l) surface. A thin film polymorph 
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Fig.1 . (t[)-(d) LEEM images showing Pn growth (brighl contril~~1) on v21]lOus subs[rnles (dzlrk contra~. [): (n) Frnclnl growlll oll cle~m 
Si(1 Il)-7x7 surrace - dlsorderecl welting ILryer is f'ormed before nucleLuion of s[Lll]ding-up slruc[ure: Pn t'ill]1 is I)olycryslilllinc: (b)-(c) 
Slep llow-like g]'owlh oi' compacl Pn isl2lnd oll Bi(OOOl)lSi(1 Il) imd a 1 3-Bi-Si(111 ) ilre observed: Tlle t'i]-sl layer single cryslalline 
clomttin size aLre exceeding 200 and 100 !/. m in diollleter respec[i¥'ely: (d) Adsorption geometry of pn on Bi(OOO1) surrilce depicted from 
'! -LEED Ilnd STM experiments sllowin*LT* point-on-lile coincide]lce belween a bulk-like Pn a]Id lhe subslrale: Pn a-axis is pn]'zlllel to 
one of the sLlbslrute primitive veclors ilnd illl Pn molecules are lying on primitive l~[tice lines of lhe subsl]'Llte (dilshed blLle lines): (e) 
Adsoll)tion geometry ot' Pn on a l'3-Bi-Si( Ill) su]'1'ace showing line-on-lille coinciclence bclween ,~ Ihin r'ilm polymoll)h of' Pn zlnd lhe 
~ubslrate: pink ilnd clotted lii]es rep]'esenl 1 3-supersl]'uc[ure Lmcl lhe Pn lzlllice respec[ively, clilshed blue lines l~cprcsenl lhc 11~~ltching,-
direction of lautice lines delermined rrom !l -LEED expel imenls. 
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of Pn on a V3-Bi-Si(111) hils been epitaxially stabilized with a weak commensuration through a iine-on-line 

coincidence. In this weakly commensurate film, a non-epitax[al twin, having min'or line parallel to in-plane unit cel] 

diagonal dh'ection has been detected, but nevertheless, the twin-free domain region of hundred of /L! in in diameter 

could be realized if the sLlbstrate is sufficiently flat and defect-free. SLlch non-epitaxlal twining was absent in more 

highly commensurate Pn/Bi(OOOl) system. 

The molecular tilt witll respect to surface normal has been found to int]'odL[ce asylnmetry in LEED patterns 

obtained in LEEM experimer]ts. Utilizing this asymmetry, the presence of chiral epitaxial twins within a domain has 

been imaged in tilted dark-fleld Imaging mode. 

(d. 

~~~~:~ 

Fig.2. LEEM imnges of Pn domzlins: (a) Til[ed dnrk-t'ield LEEM: imngc showing I~l~lional Pn domains on l['igonal Bi(OOOl)/Si(1 1 l) 
s'ubs[raLe, ~lddiLionul contrilst ot~ chirill lwin is visible wilhin a roLntional domain; (b) Tilled bright-t'ield LEEM imtlge of the Pn islilnd 
~rown on the H-Si(ll l) Surt'ace, mul[i-domilin st]'ucture within nn islflnd is ¥'isiblc. 6 dom~lins ~lre nuclea[ed ilround sL[bslr~te det'eci. 

eilch domain i~;.- direc[ecl ~llong their b directions: (c) Bri~ht-field LEEM image ol' the 2 ",' I~yer Pn island on c, 1 3-Bi-Si(1 1 l). [he islancl 
is elongilted nlong < Ol > dircction; (cl) Pn (brighl contrilsl) on self' pirtte['ned Bi(OOOl) substrnle (grey conlrnsl), separated by dis ordered 
Bi (.OI 1 2) region (dnrk conlrast) which linlits Pn molecule's diffusion across it (dark contrzlst), having Pn b-nxis closely pilrnllel IL' sll'ip 
di['eclion ovc]' Ihe surrace wilhin the limil ol~epituxinl relirtiol]: OL[tlined i~' the Llnit cell orientalions dcpicted h'om ,,! -LEED p~[[erns 

2. 6,1 3-pentacenequinone 

In growth of PnQ on Si(lll)-/~x/~, the formation of a wetting ILryer was f'o]lowed by subsequent nucleation ot' 

amorphous and crystaillne thin film phase respectively. Amorphous islands grew in an isotropic compact shape. 

After tlle compact Island grew big enough - typically a few hundreds to several thousands nanometers in diameters -

crystalline islanci nucleated on the top of compact islalnd by a pllase transition or by stabilizing a critical island. 

~:rowth mode of which is highly anisotropic. Anisotropic mass transport from compact to crystalline islands has been 

observed. The in-plane crystill structure and molecular packing in thin film were determined. 

It has been found that the lon*'*,' edge of an[sotropic islands aligns along the direction or easier molecule 

incorporation or lowest kink formation energy at the first PnQ Iayer, rather than along the lowest-energy step. It has 

also been observed that molecL[[ar ti]t of PnQ in s urfnce pl2tne introduces surt'ace chirality in PnQ t'llms. The redl-

time LEEM study revealed that kinelical]y stift' ciirection during fllm growth differs frolT] the thennodynamic one. 

This featu]~e logether with the ilsynlmetric mass incorporntion associated ¥vith molecular tilt with respect to surface 

nom~al and bond anisotropy results in chiral e¥'olution of PnQ is lands, . This observation can help to understand the 

prlncipies of chiral bio-crystnllization. 
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Fig.3. ({1) LEEM imllge sllowing compocl (type-1. amorphous) iind needle likc (type-ll. crysl{ll]ine) PnQ islands (b]'ight cont]'nsl) grown 
on Si(lll)-7x7 surface (dLlrk conlrast): Type-H isla]Ids nL[cleale on compact islEmcl and g]'ow prcl'erentially either illong long di~lgonial. 
 ~ a+b> (unil cell orientation depicled t']･om ,,! -LEED pallerns iu'e ouflined by red ar]'ows). or shon diagonal. <a-b> (unil cell 
o] ienlirtion is outlined by g]~een 2ul'ows): graduai rolfltion of growlh lip is observed which is associi~ted wi[h crys~alline o]'ienlillion 
(dcpicted rrom /! -LEED data) ol' Ihe b]'anch locit]ly growing ~lon*t._' <-a-b> dircction: (b) (left) Oulline of thin film PIIQ unit cell: a 
biltlyer slructure wilh molccules in altemate ILlyers Ll and L2 in herringbonc Euvan~eme]It: (midclle and right) Schemalic presentalion ol 
tl killetic growtll model of ring-like ci]ira] island: preferentizl] gro~~'th directions in tl]e Ll (botfonl layer) and L2 (zIIEema[e lilyer) of the 
pnQ ri]m are indic~Ited by red orows: the gradunl l'otation of grolh lip ot' ~m island hilving Ll-L2 sl~cking is l'ep]'escnted by cu]'ved iln'ow 
211 Ihe ,i~ht image, assymmelric molecule Incorpomlion i]1 the con¥'ex side p]~oduces addilionnl piu'li,~1 rows of molecules at ihi~' side: l'cd 
lirlcs ~chemafic~lly mat~k fhe inclusions of exlr{t mo]ectll~r ro~vs: (c) LEEM imn_._"e of zl P~lQ islnnc] shoLvin_._" chir{L] evo]l]tio~1 of' ring-like 
[ype-II island. brnnches and iis enimiiomorph. 
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 論文審査の結果の要旨

 Al-MahboobAbdu11ah氏の論文は,低速電子顕微鏡(LEEM)等の新しい手法を導入し,異方性の高い有機

 薄膜の結晶構造と無機結晶基板との整合関係と,その異方性がもたらす成長速度の方位依存性を詳細に

 研究し,有機一無機ヘテロ構造の成長の理解を目指している。

 無機結晶基板との整合性については,Si(1!!)表面をビスマスで修飾することによって作成したビスマ

 ス薄膜表面,およびビスマス、/■3構造の2つの異なる表面に対するペンタセンの溝膜成長において,薄

 膜の結晶構造およびその基板構造との整合性を論じており,その結果は異方性の高い結晶構造を持つ有

 機薄膜と等方的な基板構造との問の整合性と結合の強さが,薄膜成長を理解する上で重要である事を示

 している。

 ペンタセンの成長速度の異方性については,速度論的な結晶成長条件下において,ペンタセンが特定

 の軸方向に優先して成長する性質を持っており,さらに多くの基板表面において,ドメイン側面で形成

 された微小核のうち,外部の拡散過程に対して優先成長方向が適合したものが優先的に成長して,単一

 グレイン内でベンタセン薄膜の多結晶化が起こる事を見いだした。ユ次元的なパターンを持つ成長基板

 上で拡散過程を制御することにより,優先成長方向を固定して単結晶を成長する事も示している。この

 結果は異方性の高い結晶構造を持つ材料の薄膜成長全般において,多結晶化が誘起される機構を明らか

 にし,成長基板上の拡散制御によって多結晶化が抑制出来る事を示した点において重要である。

 ペンタセンキノンの結晶成長においてもLEEM観察を行い,理論的な解析結果を加えて論じている。そ

 の結果,その優先成長方向が,最下層のステップにおけるキンク生成エネルギーの異方性に依って説明

 されることを示した。この結果は有機薄膜成長におけるキンク生成エネルギーの重要性を,実験・理論

 の両面から示したものとして評価できる。

 以上の成果は,有機一無機ヘテロ構造の薄膜成長一般に通ずる物理を解明した新規かつ有意義なもので

 ある。また,口頭発表においても,筋道立った明確な説明がなされ,質問に対しても大半は的確に答え

 ていた。これらを総合して判断した結果,本人白身が今後自立して研究活動を行うに必要な高度な研究

 能力と学識を有することを示している。したがって,A1-MahboobAbduHah提出の論文は,博士(理学)

 の学位論文として合格と認める。
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